Electrohydrodynamics (EHD) is a bi-disciplinary research area that involves the interaction of electric and flow fields. In the present research, EHD is implemented by applying a high voltage to spiral electrodes mounted on tubes of a condenser. The electric body-force generated by the electric field extracts the liquid from the condensing surface and augments the condensation process by facilitating a closer vapor-surface contact. In this investigation, the tube bundle consists of seven enhanced tubes (i.e., the tubes with miniature surface fins) that are housed in an C i constant in the Modified Wilson Plot C P specific heat, J/kgK D tube diameter, m EHD electrohydrodynamic h convective heat transfer coefficient, W/m 2 K I electric current, A aluminum test chamber to simulate a shell-and-tube condenser.
The EHD-enhanced external condensation on single tubes has been the subject of several investigations [1] [2] [3] . The effectiveness of EHD on enhancement of external condensation on single tubes is now well established. Wawzyniak et al. 1 improved the average condensation heat transfer coefficient of R-113 by a factor of 1.54 and 2.24 for smooth and enhanced tubes, respectively. Da Silva et al. 3 experimented with the EHD enhancement of external condensation of R-134a on single commercial enhanced tubes. Their results indicated that the external heat transfer coefficient significantly increases under the effect of electric field. The optimum heat transfer enhancement is nearly 3-fold, with the respective EHD power consumption lower than 1% of the test section heat transfer rate.
Research on single-tube condensation has paved the road and facilitated the implementation of EHD in condensers. A number of researchers have designed and tested the EHD condensers [4] [5] [6] [7] . Yamashita et al. 4 performed a test-proof of a 50 kW EHD condenser for C6F14 (perflorohexan) and reported a 6-fold enhancement of condensation heat transfer. In an EHD condenser, Sunada et al. 5 indicated a maximum local heat transfer coefficient of over 9000 W/m 2 K in CFC-113 and over 11000 W/m 2 K in HCFC-123. Yabe et al. 6 conducted experiments on an EHD evaporator and condenser, and reported that the evaporation and boiling heat transfer of the mixture of R-123 and R134a on the inner surface of the tube have been enhanced about 3 times over a wide range of qualities with the application of 7 kV at the electrode distance of 2.5 mm.
As evidenced from the foregoing discussion, and despite its strong practical application, the work on EHD condenser is limited. Moreover, a search of literature indicated basically no work on EHD condensers consisting of enhanced tubes. The purpose of the present work is to show the experimental results for external condensation of R-134a in an EHD condenser consisting of enhanced tubes, leading the way towards the design of an efficient EHD condenser in the future. Figure 1 shows the experimental setup used for testing the tube bundle. The major components of the setup are the pressurized test chamber, water chiller, flowmeter, heater, variac, high voltage power-supply, temperature controller, and pump. The chamber accommodates the horizontal tube bundle comprised of seven enhanced tubes with each tube equipped with a spiral electrode (Fig. 2) . The high-voltage power-supply can provide the voltage to all seven electrodes. A pressure transducer measures the pressure inside the chamber, and thermistors measure the temperature of the refrigerant vapor and liquid. The chiller provides cold water to the seven tubes, and the water flow rate can be measured by the flowmeter. The inlet and outlet water temperatures are also measured by thermistors located in the inlet and outlet headers. The helical heater provides the heat of vaporization to the refrigerant. The entire system is insulated by foam insulation to prevent heat losses/gains with the surroundings. The temperature, pressure, voltage, and current are monitored by a HP data acquisition system (DAS). This system is connected to a computer, which makes it possible to observe the data being recorded during the tests.
EXPERIMENTAL SETUP
The heat generated by the electric heater evaporates the refrigerant. The vapor quality at the heater outlet is kept around 0.8 and is controlled by the pump flow rate. Saturated refrigerant is pumped into the chamber and vapor condenses on the tube. The tubes are maintained at a lower temperature by the flow of cold water provided by a constant-temperature chiller. At steady state, the heat removed by the tube balances the heat generated by the heater. Liquid refrigerant from the chamber is pumped into the heater to be heated and evaporated again.
In all the experiments, the refrigerant was R-134a, and the tubes were cooled internally by water provided by the chiller. As shown in DATA REDUCTION Rate of condensation heat transfer at the tube wall is determined from, ) 
where T sat is the saturation temperature of the refrigerant.
Note that for configurations E and F, where the cooling water is supplied just to the center tube, external condensation occurs only on that tube and, therefore, the total surface area A = 0.1288 m 2 is divided by 7.
The correlation used for the water-side heat transfer coefficient, h i , was obtained from the single tube data based on the Modified Wilson Plot 8 . The general form of the Dittus and Boelter 9 correlation is: 
The heat transfer coefficient predicted by Eq. (4) is corrected for the developing region of the tube according to,
where C is a constant and L is the tube length. In this study, C = 2.7 and L = 307.3 mm (12.1 in.). Then, the heat transfer coefficient for the water side, h i , is obtained from,
Condensation heat transfer coefficient, h o , was determined by considering the thermal resistance on the water side, tube wall, and the refrigerant side. Thus,
In this equation, k is the thermal conductivity of copper tube wall. For the enhanced tube, k was 310 W/mK. D i,max is the maximum inner diameter of the enhanced tube and is equal to 15.93 mm. A useful parameter in the EHD condensation is the EHD power consumption ratio. This parameter is defined as,
where is the electric power consumption of the electrode, and is the rate of condensation heat transfer defined earlier. EXPERIMENTAL UNCERTAINTY The experimental uncertainty of the present work was determined from the ASME guidelines on reporting uncertainties in experimental measurements [10] [11] . The precision error, P h , for each measured parameter, based on 95% confidence interval, is estimated as 
RESULTS AND DISCUSSION
Test results for configuration (B) are presented in Table 3 and Fig. 5 . The difference between this and the previous configuration is that, as seen in Fig. 3 , there is no electrode on the central tube in configuration (B).
The first set of tests was conducted on the tube bundle with configuration (A). As seen in Fig. 3 , configuration (A) consists of 7 tubes and 7 electrodes mounted on each tube. Table 3 Review of the data indicates that the base-case heat transfer coefficient (h o in Table 3 ) was little affected by removing the central electrode from the bundle, and the difference of 15% between h o at 30 kW/m 2 for configurations (A) and (B) is within the experimental uncertainty. The enhancement at 15 kV decreased from 1.50 for (A) to 1.39 for (B), but it still represents a considerable enhancement of 39% with the EHD power consumption of 0.61%. Enhancements from 22% to 25% were achieved at 10 kV, with the power consumption lower than 0.12%.
When high voltage is applied to the electrodes, the liquid refrigerant is extracted from the tube surface, and the heat transfer coefficient is enhanced. Moreover, the condensate near the tube surface is agitated and highly turbulent due to the electric field. This mechanism creates a convective effect near the tube surface and is considered an additional factor contributing to the heat transfer enhancement. As seen in Table 3 and Fig. 4 , the heat transfer coefficient for configuration (A) can increase up to 50% at 15 kV. The corresponding power consumption is 1.46%. Review of the test data indicates that enhancements of 34 % to 39% can be achieved at 10 kV with a reasonable power consumption of less than 0.5%.
Test results for configuration (C) are shown in Fig.  6 . Here, only three of the seven tubes have electrodes and are electrically active (Fig. 3) ; in other words, the central electrode and three of the external electrodes were removed. This configuration resulted in the lowest enhancement of heat transfer coefficient for the tube bundle. The three electrodes chosen were able to enhance the heat transfer coefficient by 19% at 15 kV, with a consequent power consumption of 0.42%. Tests at 30 kW/m 2 could not be run for 15 kV due to sparks and refrigerant American Institute of Aeronautics and Astronautics breakdown. Moreover, as seen in Fig. 6 , beyond 10 kV, the enhancement curves become horizontal. It appears that, beyond 10 kV, the heat transfer coefficients of the charged tubes have reached their peak values and can no longer enhance the overall heat transfer coefficient of the bundle. The test results for configuration (D), where only the central tube of the bundle is equipped with a charged electrode, are presented in Fig. 7 . All seven tubes are cooled internally by water and participate in the condensation process. As seen in the figure and Table 3 , enhancements of 19% to 22% can be obtained at 20 kV, with the EHD power consumptions of 0.29% to 0.42%. Results of configurations (A) and (D) indicate that the contribution of tubes in heat transfer enhancement is not the same. For example, while the maximum enhancement for seven EHD-active tubes of configuration (A) is 50%, the maximum enhancement for configuration (D) with just one active tube is 22%. It appears that the location of the tubes is an important factor in the EHD-enhanced condensation. The lower tubes are exposed to more condensate than the upper tubes, and it is more difficult to remove the condensate from the lower tubes by the electric body-force. However, the convective and turbulence effects generated by the electric body-force may be more Another noteworthy factor in the EHD-assisted condensation is the nature of the electric field. To gain some insight, we used a simple model for the electric field and obtained the electric field from a numerical solution (Figs. 8a-c) . This model is intended to show how the location and number of tubes would affect the electric field. The interaction between the refrigerant American Institute of Aeronautics and Astronautics and the electric field was ignored in this model. As seen in the figures, the symmetric electric field of the single tube (Fig. 8a) is distorted in the presence of another tube (Fig. 8b) . As additional tubes are introduced in the neighborhood of the central tube (Fig. 8c) , the intensity of the electric and therefore the electric body-force is increased. This observation may explain why configuration (D) with one EHD-active tube still performs well. Although configuration (D) is subjected to an intense electric field, configurations (A)-(C) do not have this intense field around all their tubes. For example, in configuration (A), all the peripheral tubes are exposed to a lower filed intensity on the external face of the tube bundle, and the field intensity is strong only in the interior side of the peripheral tubes.
In the aforementioned experiments, all the seven tubes were cooled by water. To examine the performance of single tubes in the bundle, tests were also performed with water flowing just in one tube, namely, the central tube of the bundle. This corresponds to configurations (E) and (F), Fig. 3 , in which the external tubes do not participate in the condensation process. Tests were conducted at 30°C and 30 kW/m 2 for water flow rate of 27 gpm (used in our earlier single-tube tests) and 4 gpm (used in the tube bundle tests where all seven tubes participated in the condensation process). The results obtained are presented in Table 4 . 2 ) obtained in our previous tests. Moreover, the data show that the water flow rate has little effect on the heat transfer performance. For configuration (E), enhancements of up to 95% can be obtained with an EHD power consumption of 1.21%. The enhancement obtained in our earlier single-tube tests (~ 3 fold at 20 kV) is not achieved in this configuration. It seems that the presence of the dummy tubes around the condensing tube and the resulting electric field distortion is impeding the higher heat transfer coefficients in the center tube.
The last configuration tested, configuration (F), is shown in Fig. 3 . The six dummy tubes around the central tube do not participate in the condensation process, but as they all have electrodes, they contribute to the enhancement of heat transfer coefficient of the central tube. Enhancements of as high as 178% in heat transfer coefficient have been measured for this configuration with higher EHD power consumption of 2.07%. Operation at 10 kV limits the EHD power consumption to 0.21% with a noticeable heat transfer enhancement of 130%. The heat transfer enhancements and EHD power consumptions of the tube bundle for configurations (A)-(D) are summarized in Table 5 for easy reference. This arrangement corresponds to configuration (A) with the maximum heat transfer enhancement and EHD power consumption of 50% and 1.46% at 15 kV, respectively. In configuration (D), where only the central tube has electrode, maximum heat transfer enhancement was 22% with the EHD power consumption of 0.29%. The enhancement of configuration (C) is nearly the same as that in configuration (D) but with higher EHD power consumption which is due to higher number of electrodes in (C). Finally, the configuration (B), with one electrode less that (A), has somewhat less heat transfer enhancement (39% compared to 50% in A), but much lower EHD power consumption (0.61% compared to 1.46% in A).
The present work indicated that EHD-assisted condensation enhances the heat transfer coefficient in tube bundles. The level of enhancement, however, depends on a number of factors including the tube bundle and electrode configuration.
